Few studies about bamboo naturally occurring mutants have been reported so far. Using an integrated anatomy, mathematics and genomics approach, we systematically characterized the cellular and molecular basis underlying the abnormal internode development of Pseudosasa japonica var. tsutsumiana, a stable variant with dwarf and swollen internodes that are caused by the compressed spiral growth and the swollen cells in the bottom part of the internode. P. japonica var. tsutsumiana is a slow-growth variant with disorderly cell division and cell growth during the fast growth stage. Comparative transcriptome analysis identified a number of genes related to cell growth that were significantly down-regulated in the variant, including those related to auxin, vesicle transport, cytoskeleton organization and cell wall modification, consistent with the thinner cell walls and lower contents of cellulose that were found in the variant, which together with the mechanic force composed by the extrusion pressure from the neighboring fast growth cells and the weight pressure above the growing cells might finally result in the radial and irregular growth of the variant cells. This study provides key candidate genes involved in the fast growth of bamboo from a 'mutant' perspective, and supports a plausible mechanism underlying the dwarf and swollen internodes of P. japonica var. tsutsumiana.
Introduction
Bambusoideae constitutes one of the largest subfamilies in the grass family and is valued as a source of food, construction, landscaping, environment protection and industrial materials (Wei et al. 2017) . Around 2.5 billion people depend on it economically with an annual trade value of more than 2.5 billion US dollars (Peng et al. 2013a , 2013b , Wei et al. 2017 .
As a woody grass, bamboo has several unique developmental characteristics compared with other monocotyledon grass plants, such as the long and unpredictable flowering period and the fast growth of bamboo shoots, which in some bamboo species such as Moso (Phyllostachys edulis) can reach an amazing growth rate of over one meter in one night at the fastest growing stage. Since ancient times, the fast growth of bamboo shoots has attracted much interest worldwide. As early as 1000 years ago, poet Lei Song in the Song Dynasty of China had described the fast growth phenomenon of Moso shoots after a spring rain in his verse. During 1980 groups studied the growth model of Moso shoots and its cellular basis, and discovered that the internode elongation begins from the bottom internode and the growth follows a logistic growth model † These authors contributed equally to this manuscript. (Zhou 1983) . The cell elongation pattern of rhizome internode is similar to that of the internode of culm (Hsiung et al. 1982) . Recently several studies have found that plant hormones including gibberellin, indole acetic acid and zeatin might play important roles in the fast growth of bamboo shoots (Cui et al. 2012) . During the past several years, with the advances of high-throughput technologies, several groups have attempted to elucidate the molecular mechanisms underlying the fast growth of Moso shoots through transcriptome or proteome analyses (Cui et al. 2012 , He et al. 2013 , Peng et al. 2013b ). These works provide systematic views about the genetic basis of the fast growth of bamboo shoots. However, the lack of fast growth inhibition (or slow growth) mutants or variants has limited our ability to obtain deeper understanding of molecular basis underlying the regulation of the fast growth of bamboo shoots. Therefore, identifying slowgrowth variants and comparative analysis between the variants and their corresponding wild type (WT) plants would help us to gain deeper understanding of the key genes underlying the fast growth of bamboo shoots.
During the development of bamboo shoots, a small portion of culm can form abnormal internodes, which are usually much shorter and weirdly shaped. Unfortunately, nearly all known variants are unstable, including Bambusa ventricosa, a famous ornamental bamboo plant with bulbous internodes (Wei et al. 2015) . Their asexual propagated clones are usually normal or partially normal. To date, as far as we know, Pseudosasa japonica var. tsutsumiana, which was first discovered in the Mito city of Japan and introduced to the Bamboo Garden of Nanjing Forestry University together with its corresponding WT in the 1980s, is the only known stable dwarf variant with short and swollen internode, making it a valuable material to gain insights into the key mechanisms regulating the development of bamboo stem.
In this study, we systematically characterized P. japonica var. tsutsumiana at the morphological and cellular levels. We then explored genes involved in regulating the internode growth through comparative transcriptome profiling analysis using highthroughput RNA-sequencing (RNA-Seq) technology. The relationship between the mechanic force and the cell growth behavior was also explored.
Materials and methods

Plant material
Pseudosasa japonica var. tsutsumiana and its WT, P. japonica (Sieb. et Zucc.) Makino, were collected from the Kyushu City of Japan in the early 1980s, and have been maintained and grown in the outdoor Bamboo Garden of Nanjing Forestry University in China (32°01′N, 118°48′E, 8.9 m elevation) where soils are alfisols. Mean annual air temperature and precipitation were 15.7°C and 1106.5 mm, respectively.
Internode morphology analysis
Ten 1-year-old bamboo culms of P. japonica var. tsutsumiana and WT plants were randomly selected and cut down on the ground. The length and diameter of each culm internode were measured and recorded. For rhizome internode, five annual rhizomes of the variant and WT were randomly selected, respectively, and the length and diameter of their internodes were recorded.
Light microscopy
Approximately 0.5-cm 3 samples at different developmental stages were fixed in formalinacetic-70% alcohol (FAA, v/v) buffer and exhausted with an aspirator pump. For safranin and fast green staining, serial transverse and longitudinal sections (8 μm thick) from paraffin-embedded tissues were sequentially stained with safranin and fast green, and observed under a Leica DM2500 light microscope (Leica, Wetzlar, Germany).
Scanning electron microscopy
Young tissues were first fixed in FAA (v/v) buffer, while mature culm or rhizome tissues were softened first at 121°C for 3 h. Samples were then cut by sharp double-edge razor blade into thin and smooth sections, which were subsequently dehydrated using graded ethanol series. After drying, conventional sections were made and observed under a JEOL JSM-6300 scanning electron microscopy (JEOL, Tokyo, Japan).
Cell morphology characterization
To characterize parenchymal cells, the annual rhizome mature internodes both from the WT and the variant were harvested, and made into microscopical sections. The cell length and width of over 500 cells in each genotype were measured under an Olympus QG2-32 light microscope (Olympus, Tokyo, Japan). P-value between the variant and the WT was calculated using the 't-test' function in Microsoft Excel 2013 (Microsoft, Redmond, WA, USA).
To characterize fiber cell morphology of the swollen and thin parts of the variant culm internode, the third, sixth, ninth, eleventh and fourteenth internodes (from bottom to top) of three 1-year-old bamboo plants of the variant were collected. Their green outer skins and yellow inner skins were removed, and the remaining parts were cut into 2-cm long matchstick-like pieces. After culture with Jeffery segregated liquid at 50°C for 36 -72 h, these sticks were washed by ddH 2 O and then dyed by 1% (w/v) safranine solution. Conventional cell sections were made, and the fiber cell length, width and wall thickness were detected under an Olympus QG2-32 light microscope (Olympus). About 25 fiber cells were investigated for each part, and the P-value between the thin part and the swollen part from the same internode was calculated using the 't-test' function in Microsoft Excel 2013.
Investigation of the growth pattern of bamboo internodes
The second internode just above the ground of the variant and the WT culms were carefully sawed into eight equal parts. The cross section of each part was scanned from the top by a Scanjet BioScan (RockGene, Shanghai, China). The outlines of the cross sections were extracted using the magnetic lasso tool in Photoshop (Adobe, San Jose, CA, USA). The MATLAB and R functions were used to describe the outside contours of internode cross sections as described in Shi et al. (2015) .
RNA extraction and transcriptome sequencing
According to the cellular characterization result, second internodes with length of~2.5 cm of the WT and the slow-growth variant shoots were harvested for transcriptome sequencing. In addition, three WT and three variant rhizome internodes with length of 1 cm in which the irregular cells were first observed, and five WT and three variant rhizome internodes with length of~0.4 cm in which the cells were still normal were harvested at around 12 p.m. on 23 June 2016 after three raining days, representing at least three biological replicates. After careful excision of bamboo sheaths, the remaining parts were immediately frozen in liquid nitrogen and stored at −70°C. Total RNA was extracted using the RNAprep Pure Kit (DP441) (TIANGEN Biotechnology Company, Beijing, China). The ratio of OD260 and OD280 of the extracted RNA was determined with a NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Electrophoresis was also performed to examine the RNA quality. RNA samples with OD260/OD280 values between 1.9 and 2.0, and with sharp and clear electrophoretic bands, were further checked for the RNA Integrity Number (RIN) values on an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Samples with RIN >8.0 were selected for transcriptome sequencing.
Strand-specific RNA-Seq libraries were constructed using the NEB Next ® Ultra™ RNA Library Prep Kit for Illumina ® (NEB, Ipswich, MA, USA) from a total of 1.5 μg total RNA. cDNA fragments of 150-200 bp were selected, and then purified with the AMPure XP system (Beckman Coulter, Beverly, MA, USA). The resulting products were incubated with 3 μl USER Enzyme (NEB) at 37°C for 15 min followed by 5 min at 95°C and then followed by 8-10 rounds of PCR. Libraries with concentration more than 3 nM, which was determined by the Agilent Bioanalyzer 2100 system, were used for the clustering. After cluster generation, the libraries were sequenced on an Illumina HiSeq platform with paired-end mode. Raw sequence reads have been deposited into the NCBI sequence read archive under accession SRP100724.
Transcriptome sequence processing, assembly and unigene annotation
Raw RNA-Seq reads were first processed to remove adaptor and low-quality sequences using Trimmomatic (Bolger et al. 2014) . The resulting reads shorter than 40 bp were discarded. RNASeq reads were then aligned to the ribosomal RNA (rRNA) database (Quast et al. 2013 ) using Bowtie (Langmead et al. 2009) , and those that could be aligned were discarded. The resulting final cleaned reads of all samples were combined and de novo assembled into contigs using Trinity with 'min_kmer_cov' set to 15 (Grabherr et al. 2011) . To remove redundancies of the Trinity-assembled contigs, they were further clustered into unigenes using iAssembler with sequence identity cutoff set to 97% (Zheng et al. 2011) .
To functionally annotate the assembled unigenes, their sequences were compared against the Swiss-Prot and TrEMBL databases using BLASTx with an e-value cutoff of 1e −5
. Based on the BLASTx result, gene ontology (GO) terms (Ashburner et al. 2000) were assigned to each unigene using the GO Annotation Database (Huntley et al. 2015) .
Unigene transcript abundance analysis
The cleaned reads were aligned to the assembled unigenes using the Bowtie program allowing one mismatch (Langmead et al. 2009 ). Following alignments, raw read counts for each unigene were derived and then normalized to fragments per kilobase of exon model per million mapped fragments (RPKM). Samples with low correlations within biological replicates were excluded from the gene abundance analysis. The raw counts of unigenes were fed to the DESeq package (Anders and Huber 2010) to identify differentially expressed genes (DEGs). The resulting raw P-values were adjusted for multiple testing using false discovery rate (Benjamini and Hochberg 1995) . Unigenes with adjusted P-value <0.01 and fold change no less than 2 in absolute value were identified as DEGs.
Quantitative real time PCR analysis
Same total RNA from 1-cm internode of the WT and variant plants used for transcriptome sequencing was used for quantitative real time PCR (qPCR) analysis. One microgram total RNA was transcribed in a total volume of 20 μl solution as described in the operation manual of the PrimeScript TM RT reagent Kit (Takara, Kusatsu, Shiga, Japan, Code No. RR047A). qPCR was performed using the TransStart Tip Green qPCR SuperMix Kit (Transgene Biotech, Beijing, China) on an ABI StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) according to the manufacturers' instructions. The experiments were repeated technically at least three times. The relative abundance of each gene was calculated from the 2 -△Cq values between the target gene and the reference gene (three replicates for each gene) (Livak and Schmittgen 2001) . Tonoplast intrinsic protein (TIP41) was used as the internal control (Fan et al. 2013 ). Gene-specific primers used for qPCR are provided in Table S1 available as Supplementary Data at Tree Physiology Online.
Quantification of cellulose contents
Quantification of cellulose was performed according to the method described in Schindelman et al. (2001) , Wang et al. (2011) and Wei et al. (2017) with minor modifications. Ten elongated rhizome internodes of the WT and the variant, representing 10 biological replicates, respectively, were ground into fine powder, and then incubated in 95% ethanol for 30 min at 65°C. After cooling to room temperature, the mixture was centrifuged, and the collected pellets were then washed twice by 95% ethanol and incubated with methanol-chloroform (2:3 v/v) overnight. After centrifuge, the extracted pellets were washed by 95% ethanol for five times, and dried for 12 h at 65°C. One milligram dried material was hydrolyzed in 1 ml 2 M trifluoroacetic acid for 90 min at 120°C. After heating at 100°C for 30 min in 1 ml updegraff reagent (acetic acid-nitric acid-water, 8:1:2 v/v), the trifluoroacetic acid pellet was cooled to room temperature, airdried and then incubated with 175 μl 72% (v/v) H 2 SO 4 at room temperature for 30 min. The mixture was diluted with 825 μl H 2 O, and centrifuged to wipe off the sediment. The resulting supernatant was assayed using the anthrone colorimetric method to identify glucose content. A series of diluted pure glucose solutions were reacted with the freshly prepared anthrone reagent (2 mg ml −1 anthrone H 2 SO 4 ) at 80°C for 30 min. After cooling to room temperature, absorption of the treated samples at 625 nm was collected to make a standard curve for calculating the cellulose contents of investigated samples.
Results
Morphology characterization of P. japonica var. tsutsumiana
Morphological investigation revealed that P. japonica var. tsutsumiana is a dwarf variant of P. japonica ( Figure 1a ). In addition, both culm and rhizome internodes of P. japonica var. tsutsumiana displayed a radial swelling phenotype (Figure 1a and b). The length of culm internodes of the variant was~33-55% of that of the WT while both the WT and the variant had the same number of internodes ( Figure 1c ). The average diameters of culm internodes of the variant were smaller than those of the WT (Figure 1d ). The total volume of culm internodes of the variant was significantly smaller, ranging from 20% to 36% of that of the WT ( Figure 1e ). The average length of the variant rhizome internodes was~27% of that of the WT ( Figure 1f ). In contrast to the internode length, the diameter of the variant internodes was slightly but significantly bigger than that of the WT, while the average volume of the rhizome internodes of the variant was only~35% of that of the WT (Figure 1f ).
Internode cells in the variant are irregular, swollen and shorter
Anatomical analysis indicated that cells of the mature internodes of the variant culm were dramatically irregular ( Figure 2a ). The cells in the variant, especially the fiber cells in the vascular tissue, displayed a disordered growth pattern with exaggerated radial expansion ( Figure 2a) . Similar results were found in the rhizome internode of the variant plant. Both parenchymal cells and vascular tissue cells of the variant rhizome showed aberrant growth phenotypes (Figure 2b ). In addition, in contrast to the clear inter-spreading of short and long parenchyma cells in the ground tissues of the WT plant, these two types of cells in the variant were nearly indistinguishable ( Figure 2b ). The average length of parenchymal cells in P. japonica var. tsutsumiana rhizome was only~75% of that of the WT, while the width was~1.24-fold of that of the WT (Figure 2c ). We further compared the cell number of the variant and WT rhizome internodes. As shown in Figure 2d , the cell numbers both along and across the internode of the variant were less than that of the WT plant,~57% and 85%, respectively. In addition to the dwarf phenotype, the cells in the variant also possessed a swollen and irregular phenotype. We then compared the cell morphologies between the WT and the variant plants to see whether this variation was uniform in different cells Tree Physiology Online at http://www.treephys.oxfordjournals.org by isolating the internode cells and analyzing their morphologies. As expected, the parenchymal cells of the variant showed extremely irregular cell surface; however, the irregular phenotype was nonuniform among different cells (Figure 3a) . The fiber cells in both of the variant and WT plants displayed an apparently spiral growth, whereas the fiber cells in the variant showed a much more strongly compressed, apparently radial and also nonuniform spiral-growth phenotype (Figure 3b) . Some of the fiber cells of the variant plant showed an irregular spiral growth (Figure 3c ), and some even had broken cell walls (Figure 3d ). Similar to the culm fiber, compressed and swollen cell morphology was also observed in the rhizome fiber cells of the variant (Figure 3e ).
Internode of P. japonica var. tsutsumiana has a compressed spiral growth
Besides the dwarf phenotype, the culm internode of P. japonica var. tsutsumiana also displayed a swollen phenotype (Figure 4a ).
We then used a mathematical method to address this morphological abnormality. As shown in Figure 4b , the superellipse equation (Gielis 2003 , Shi et al. 2015 could precisely describe the outlines of the cross sections in different parts of the variant including the swollen parts. Unexpectedly, we found that the angles between the major axis and the horizontal axis of the fitted ellipses progressively increased from the first to the third rings, and then decreased from the third to the seventh rings, which displayed a spiral growth pattern (Figure 4c ). The area progressively increased from the first to the sixth rings, and decreased at the seventh ring (Figure 4d) .
To check whether the cells in the swollen parts and thin parts of the variant internode possess different morphology, we checked the fiber cells at these two parts. Interestingly, the result showed that the width of fiber cells in the swollen parts are wider but the length and thickness are smaller than those of the thin parts (Figure 4e-g ). Tree Physiology Volume 38, 2018 P. japonica var. tsutsumiana is a slow-growth variant with disordered cell growth and cell division Anatomical analysis further showed that both morphology ( Figure 5a ) and cell structure (Figure 5b ) of the variant shoot were similar to those of the WT plant before or immediately after the bamboo emerged from underground. The cells in the variant were still normal in the bamboo shoot with the height of~8 cm, which was at the early stage of fast growth (Figure 5c ). The slightly irregular cells with a little swollen phenotype began to appear in the second internode above ground with a length of~2.5 cm of the 14-cm-high bamboo shoot, which was at the early stage of fast growth (Figure 5d ), at which point the mechanic pressure (see Figure S1 available as Supplementary Data at Tree Physiology Online) start to increase quickly (Figure 5e ). Further analysis discovered that cells in the pre-differentiation zone of the elongating internode of the variant were also much more irregular than those of the WT, and possessed misaligned cell walls (Figure 5f ).
A similar result was obtained during the rhizome internode development. The cell structure of the variant was similar to that of the WT at the early developmental stages of the rhizome internode, and the distinctively irregular and swollen cells appeared in the internode with a length of~1 cm in the variant (Figure 5g ). Similar to the cells of the mature culm internode, the cells in the completely elongated rhizome internode of the variant also displayed a shorter, swollen and irregular phenotype (Figure 5g ).
Sequencing, assembly and annotation of the transcriptome
To explore the molecular basis underlying the abnormal internode development of the variant, we performed transcriptome sequencing of the rhizome and shoot internodes with observed abnormal cells for the slow-growth variant and the corresponding internodes of the WT plant. To obtain a high-quality de novo assembled transcriptome, we also generated RNA-Seq sequences from a pool of rhizome and shoot internodes at different development stages. A total of~480 million raw reads were generated. After removing adaptor and low-quality sequences and contaminated reads, we obtained a total of 440 million highquality read pairs, with a total of 128 Gb sequences (see Tree Physiology Online at http://www.treephys.oxfordjournals.org Table S2 available as Supplementary Data at Tree Physiology Online). These read pairs were de novo assembled into 183,773 unigenes with an average length of 1068 bp and N50 length of 1473 bp (see Data S1 available as Supplementary Data at Tree Physiology Online; Table 1 ). The assembled transcriptome was~196.4 Mb in size. The length distribution of the assembled unigenes is shown in Figure S2 available as Supplementary Data at Tree Physiology Online. The assembled unigenes were then compared with the Swiss-Prot and TrEMBL protein databases. In total, 124,967 (68.0%) of the unigenes had significant hits to known proteins in the two databases (see Table S3 available as Supplementary Data at Tree Physiology Online). Of these, 100,881 unigenes (54.9%) had GO annotations.
Identification of potential genes involved in the slow-growth variant through transcriptome profiling analysis
After discarding samples with low correlation within the biological replicates (see Table S4 available as Supplementary Data at Tree Physiology Online), comparison of transcriptome profiles between the rhizome internodes with a length of~1.0 cm of the WT plant and the slow-growth variant identified a total of 20,906 (11.4%) DEGs. Of these DEGs, 11,091 were significantly down-regulated and 9815 were up-regulated in the variant (see Table S5 available as Supplementary Data at Tree Physiology Online). To validate our RNA-Seq expression profile data, we performed qPCR assays on 16 randomly selected candidate genes, including six in the auxin pathway and 10 in the cell wall biosynthesis. The results showed that although the exact fold changes of the selected unique transcripts varied between RNA-Seq expression and qPCR analyses, the trend of gene expression change was largely similar (see Figure S3 available as Supplementary Data at Tree Physiology Online).
MapMan (Thimm et al. 2004) analyses revealed that nearly all DEGs related to cell wall growth, cell organization, cell division, cell cycle, vesicle transport and various transport pathways as well as signaling pathways were significantly down-regulated in the slow-growth variant (Figure 6 ). In addition, 127 genes related to auxin were differentially expressed, of which 96 were significantly down-regulated in the variant including those related to auxin polar transport and signal transduction (Table 2; see  Table S6 available as Supplementary Data at Tree Physiology Online). Furthermore, 47 DEGs related to brassinosteroid (BR) were identified, of which 38 were significantly down-regulated in the variant including those related to BR metabolism and signal transduction (see Table S7 available as Supplementary Data at Tree Physiology Online). A total of 26 genes related to cytokinin were differentially expressed, of which all cytokinin transduction genes were down-regulated (see Table S8 available as Supplementary Data at Tree Physiology Online). Unexpectedly, Figure 6 . Differentially expressed genes in the rhizome internode with a length of~1 cm between the slow-growth variant and WT plants. The figure was generated using the MapMan program. The log2-fold change in the transcript levels was used in the analysis. Each square represents a single gene within the pathways, and green and red indicate down-and up-regulated genes, respectively.
comparison of transcriptome profiles between the shoot internodes at the fast growth stage between the slow-growth variant and its WT plant only identified 149 DEGs. Of these, 55 were significantly down-regulated and 94 were up-regulated in the variant (see Table S9 available as Supplementary Data at Tree Physiology Online). However, similar to those found in the rhizome internode, cell wall synthesis-and auxin-related genes as well as signaling pathway genes were also dramatically downregulated in the variant (see Table S10 available as Supplementary Data at Tree Physiology Online).
A large number of cell wall-related genes were downregulated in the slow-growth variant. For example, 93 genes related to cellulose biosynthesis were down-regulated in the variant (see Table S11 available as Supplementary Data at Tree Physiology Online), which accounted for 97.9% and 44.5% of the total number of DEGs related to the cellulose biosynthesis and the annotated cellulose biosynthesis genes in the entire unigene set (see Table S12 available as Supplementary Data at Tree Physiology Online), respectively. We then checked the cell wall thickness and the cellulose content of the rhizome internode of the variant and the WT plants, and found that, as expected, the slow-growth variant had significantly thinner cell wall ( Figure 7a ) and lower cellulose content (Figure 7b) .
Comparison of the gene expression profiles between the rhizome internodes of the WT and variant plants at the early growth stage
We also compared gene expression profiles of rhizome internodes with a length of~0.4 cm (Figure 8a ) between the WT and variant plants, which were at the very early growth stage and displayed the similar cell morphology in the two genotypes (Figure 8b) . A total of 21,710 DEGs (11.8%) were identified between the WT and variant plants, of which 9189 were significantly down-regulated and 12,521 were up-regulated in the variant (see Table S13 available as Supplementary Data at Tree Physiology Online). MapMan analyses revealed that nearly all DEGs related to cell wall growth were significantly downregulated in the slow-growth variant (Figure 8c ). For example, 94% of cellulose biosynthesis-related DEGs (56 of 60) were down-regulated (see Table S14 available as Supplementary Data at Tree Physiology Online). Interestingly, 37 of them were also down-regulated in the 1.0-cm internode. In addition, 112 genes related to auxin were differentially expressed, of which 76 were significantly down-regulated in the variant including those related to auxin polar transport and signal transduction (see Table S15 available as Supplementary Data at Tree Physiology Online). Furthermore, 80 DEGs related to BR were identified, of which 63 were significantly down-regulated in the variant, including those related to BR metabolism and signal transduction (see Table S16 available as Supplementary Data at Tree Physiology Online). These results were similar to the DEGs that were found in the 1.0-cm-long internodes (Figure 6 ), which displayed obvious swollen and irregular cell morphologies in the variant (Figure 5g ).
Discussion
With an annual growth rate of~5-12 metric tons of air-dried biomass per hectare during the fast growth stage, bamboo produces one of the highest amount of living biomass in the plant kingdom (Liese and Köhl 2015). However, key candidate genes underlying the fast growth of bamboo, which largely determines the height of bamboo, remain largely unidentified. Although several groups have attempted to investigate transcriptome dynamics during bamboo growth using the next generation sequencing technology, the lack of fast growth inhibition mutants has limited the deeper understanding of this important biological process. In this study, using mathematical and molecular approaches, we systematically explored the cellular and molecular basis underlying the abnormal internode development of the slow-growth variant, P. japonica var. tsutsumiana, providing insights into the fast growth of bamboo shoots.
Morphological and cellular characterization of P. japonica var. tsutsumiana Anatomical analysis showed that the dwarf phenotype of P. japonica var. tsutsumiana was caused by the shorter culm internodes with decreased cell numbers and inhibited cell elongation. An interesting question is whether the swollen internode (Figure 4a ) is the result of the inhibited internode elongation. To address this, we used a mathematical model to precisely describe the swollen morphology of the variant culm internode (Figure 4b ). Interestingly, cross sections of different parts of the variant internodes could be precisely described by the superellipse formula, and the internode displayed a spiral growth pattern (Figure 4c ). An obvious turnover zone like the minor groove in the DNA double helix (Watson and Crick 1953) and a zone like the major groove were found in the thin part and the swollen part, respectively. In addition, the cells in the swollen part were wider but shorter, with thinner cell walls than those in the thin part of the variant internode (Figure 4e-g ). These indicate that the swollen phenotype of the variant is caused by both the compressed spiral growth (Figure 4c ) and the swollen cells in the bottom part of the internode (Figure 4f ).
The inhibited cell elongation in P. japonica var. tsutsumiana might result from the aberrant cell growth and cell wall development, as irregular growth and various irregular cell surfaces were found in the variant (Figures 2 and 3) . Further anatomical analysis of the developing internodes in both culm and rhizome discovered that the irregular cells as well as abnormal cell division were first obviously highlighted in the internode of the variant that was at the early stage of the fast growth (Figure 5d and g ), which suggests that P. japonica var. tsutsumiana is a variant that has lost the fast growth capacity.
In addition, it is worth noting that the internode growth of bamboo shoots also displayed a spiral growth pattern that was similar to the primary thickening growth (Wei et al. 2017) , which might help the bamboo shoot better overcome the gravitational force during the fast growth stage. Therefore, the spiral growth occurs during the entire development of bamboo shoots, not only in the primary growth (under the ground) but also in the fast growth (above the ground) stage of bamboo (Wei et al. 2017) .
Comparative transcriptome analysis reveals key genes involving in the fast growth of bamboo Based on the anatomical results, the comparative transcriptome analysis was carried out to identify candidate genes involved in the abnormal cell growth of the variant. Among the DEGs we identified in the rhizome internodes with a length of~1 cm between the slow-growth variant and the WT plant, most related to cell wall synthesis and modification, cytoskeleton organization, vesicle transport and cell division, as well as various transporter genes, which are known to promote plant cell growth and division (Ramachandran et al. 2000 , Li et al. 2003 , Lee et al. 2005 , Nieuwland et al. 2005 , Harpaz-Saad et al. 2011 , Ito et al. 2011 , Sparkes 2011 , Lei et al. 2012 , were inhibited in the variant (Figure 5a ). The down-regulation of these functional genes might be caused by the inhibition of the auxin pathway in the slow-growth variant as most of auxin-related genes, including those related to auxin metabolism, polar transport and signal transduction, were also dramatically down-regulated in the variant (Table 2 ; see Table S5 available as Supplementary Data at Tree Physiology Online). Auxin has long been acknowledged to play prominent roles in regulating both cell proliferation via promoting key cell division and cycle regulating genes, and cell elongation by non-transcriptional and transcriptional responses, which promote the changes of cytoskeleton, vesicular trafficking, and cell wall loosening and biosynthesis (Perrot-Rechenmann 2010, Ruan 2013, Pan et al. 2015) . Down-regulation of the auxin pathway might also suppress or coordinate with other plant hormones that have been reported to play important roles in cell division and growth, such as brassinosteroid (Ohashi-Ito and Fukuda 2010) and cytokinin (Milhinhos and Miguel 2013) ; these may have suppressed various cell signaling pathways, and finally inhibited the cell growth and cell division because a number of genes related to these hormones and various cell signaling pathways were also significantly down-regulated in the variant (Figure 6 ; see Tables S6  and S7 available These results correlate well with the smaller biomass (Figure 1 ), aberrant cell growth, lower number of cells (Figure 2 ) and thinner cell walls with lower contents of cellulose (Figure 7a and b) of the variant, providing a plausible molecular mechanism to interpret the abnormal phenotype of P. japonica var. tsutsumiana. From another point of view, these DEGs should also play very important roles in the fast elongation of bamboo internodes.
Down-regulation of cell wall genes might coordinate with mechanical force to trigger the nonuniformly irregular growth of the variant cells Besides the shorter phenotype, the internode cells of the variant also displayed various irregular phenotype (Figure 3) , which might not be simply caused by the down-regulated cell wall genes since a number of genes related to cell wall synthesis were also down-regulated in the variant internode at the very early stage of the fast growth, at which point the cells are very similar to the WT plant (Figure 8 ). Previous studies in flax and hemp suggest that the weight of the stem is clearly a mechanical driver that results in the gradient of cell wall composition observed along the stem by activating the program linked to secondary cell wall thickening (Gorshkov et al. 2017 , Guerriero et al. 2017 . Since the cell growth of bamboo shoots also faces mechanical force from the shoot weight and extrusion pressure from the neighboring growing cells (see Figure S1 available as Supplementary Data at Tree Physiology Online), which is enhanced during the fast growth stage (Figure 5e ), we thus assume that the mechanical pressure might result in the irregular cell growth of the variant plant, which possesses a thinner cell wall with lower cellulose contents. We indeed discovered that the slightly irregular cells of the variant began to appear in the internode at the early stage of the fast growth, at which point the mechanical pressure started to increase quickly (Figure 5e ). In a single internode, cells in the bottom part (swollen part), which are developed at a later stage of the fast growth with an environment of more pressure indeed, are more swollen and shorter with thinner cell walls than those in the top part (thin part), which are developed in the early stage with less growth pressure (Figure 4e-g ). Our previous work also suggested that the thicker cell wall with higher cellulose contents enhanced the ability of a Moso variant to grow outside from underground (Wei et al. 2017) . Therefore, we hypothesized that the thinner cell wall with lower cellulose contents resulting from the down-regulated cell wall biosynthesis genes in the variant together with the mechanic pressure could finally cause the swollen and irregular cell growth of the variant at the fast growth stage.
Conclusion
In summary, the down-regulation of key candidate genes potentially involved in regulating the cell growth of bamboo shoots during the fast growth stage, including those in the auxin pathway and downstream functional genes involved in the cell wall development, vesicle transport, cytoskeleton organization and cell division, possibly together with mechanical force during the fast growth stage, trigger the irregular, swollen and shorter cells of the slow-growth variant, which finally cause the dwarf and swollen internode of P. japonica var. tsutsumiana with the spiral growth. Our findings also provide deeper insights into the key molecular mechanisms underlying the fast growth of bamboo from a mutant perspective for the first time.
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